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INTRODUCTION

Dual phase steels consisting of strong load carrying martensite in
a ductile ferrite matrix form a relatively new class of strong, ductile
steels for applications requiring tensile strengths of the order of 700
MPa (1MPa = 10°Nm 2, divide by 6.90 to convert to ksi). The mechanical
properties are optimized by controlling the composite morphology, the
volume fraction of martensite, the carbon content of martensite and
the addition of different ternary and quaternary alloying elements, as
summarized in recent symposia}’zi It is generally accepted that the
ultimate tensile strength of the an1 phase aggregate will increase with

the martensitic volume fraction Vm. Experimentally it has been shown that
64«9

and is given enmpirically by the law of mixtures

o = Ome + Of(] - Vm) ()
where O and Op are the tensile strengths of respectively the martensite
and ferrite phases. Normally, the yield strength is also found to increase
with vm. However, recent stud‘ies3°7 have shown that some dual phase steels
show an unusual decrease in yield strength as the martensitic volume
fraction increases. Figure 1 shows such a decrease in dual phase steels

of compositions Fe|1.551]0.15C|0.03Nb (base + Nb) and Fe|1.551[0.15C|0.38Mo

(base + Mo). These are all weight percent, unless otherwise is specified.



Thomas and Koo‘l suggested that the reason for the unexpected decrease
in yield strength is as follows. The yield strength of the dual phase
aggregate is primarily depending on the yield strength of the ferrite
phase when this phase forms a continuous matrix with a fine dispersion
of martensite islands. This assumption depends on the martensitic
volume fraction not being too high. Futhermore, that since the carbide
forming elements Nb and Mo are present, the ferrite phase is subject to
precipitation strengthening. The Tevel of this precipitation strengthening
in the ferrite phase will decrease as the martensitic volume fraction
increases, leading to an overall decrease in the yield strength of the
dual phase aggregate.

The purpose of this communication is threefold. 1) To confirm the
presence of and to characterize the precipitates in the ferrite phase of
the base + Nb and base + Mo steels, 2) to study any possible variation
in precipitate density as the martensitic volume fraction is changed and

3) to determine the level of precipitation strengthening.

EXPERIMENTAL

The dual phase steels described in this paper were all vacuum melted.
The dual phase heat treatment consisted of austenitization at 1100°C,
followed by intermediate quenching into an ice brine, annealing in the
two-phase field, a final ice brine quench, and aging at room temperature
for a few weeks.

In order to study the possible variations in precipitate density with
martensitic volume fractions, it was necessary to measure foil thicknesses
with an accuracy of a few percent. The most suitable method was found to

14,15,16

be that of covergent beam microdiffraction A brief description



and an example of such a measurement is presented in the appendix.

As basis for the determination of the precipitation strengthening
Tevel is used the classical Orowan mechanism. Orowan]O described the
mechanism by which dislocations encounter and bypass point obstacles.
The flow stress, T, required to bypass such an obstacle is given by
TET,ta %%5WhEPETb = flow stress of the ferrite in the absence of
point obstacfesg a = a geometrical factor depending on particle shape
and distribution, G = shear modulus, b = Burgers vector of the glide
dislocations, and QG = average spacing between obstacles in the glide
planes. If the obs%ac]es are spaced at distances less than the mean
free dislocation slip length, an enhanced strengthening of the matrix
occurs. In a metallic. matrix the dislocation slip length is typically
1 - 50um.

RESULTS AMD DISCUSSIOM

The presence of fine hdmogeneous]y nucleated precipitates in the
ferrite matrix is evidenced in Figure 2. The matrix is oriented along
the [001] zone axis. Upon tilting away from this orientation, some
precipitates give rise to dislocation loop contrast, depending on their
orientation relative to the direction of the electron beam (Figure 3).
This is typical of coherent or partially coherent plate precipitatesq7
In figure 2 these plates are seen edge-on and they are oriented on or
within 12° of the {100} planes. The plates oriented face on are invisible
as g - E_: 0 and no strain contrast is observed in the surrounding matrix.

1,12 reveal plate thicknesses of less than 2.5nm

Weak beam imaging
and plate diameters ranging from 4dnm to 25nm. The mean plate diameter

is 13.5 (*2)nm. Figure 3 shows examples of loops changing from outside



contrast to inside contrast as the sign of (g.b)s is reversed. The
inside-outside contrast anaU/s.‘isT3 of these precipitates show that they
give rise to vacancy type loops which has been predicted for the early
stages of precipitate format‘ionm° These characteristic plate pre-
cipitates are common to both the base + Mo and base + Nb alloy systems.
Thin foils of the base + Nb alloy prepared within a few hours of
neal treatment showed the presence of the same characteristic precipitates
when examined in the electron microscope. Hence the precipitates are not
formed as a result of room temperature aging. Upon tempering at 100°C for
1/2 hour no precipitate growth was observed. The size and morphology also
remained unchanged as the tempering temperature was raised to 190°C and

the time increased to 50 minutes. A similar sequence of tempering of an

Fe [251]0.1C alloy, a composition similar to the base of the alloys

described above, showed that upon tempering at 100°C for 1/2 hour some
carbides start to coarsen. Tempering at 170°C for 1 hourvg9 and 200°C
for 1 hour20 results in a much more pronounced coarsening, and the
presence of cementite precipitatesnl7nm wide and 150nm Tong, has been
reportedzo, The increase in tempering resistance of the base + Nb
alloy must be attributed to the presence of the niobium.

For precipitate density determinations, thicknesses were measured
typically within an area of 100nm to 200nm in diameter (although better
spatial resolution is possible) with an estimated accuracy of a few
percent. The number of precipitates was counted from photographic prints
within a typical true cross-sectional area of a few 1Onm2° The effect of
particle overlap on the projected image could be ignored without introducing

serious errors in the final result, and the effect of particles cut by



the foil surfaces was corrected for by the equationzl,

N, = N, (x + 2r) (3)

A i
where NA is the number of particles per unit projected area in a foil of
thickness x, NV is the particle density and 2r is the mean particle
diameter. 2r is taken to be the diameter of an imaginary spherical pre-
cipitate whose volume is equal to that of an average sized plate pre-
cipitate of diameter D and thickness t. The value obtained for 2r is
7.3nm.  The Tinear particle density, NL’ is calculated as the cube root

of N,, and the mean distance between the centers of neighboring pre-

Vv
cipitates, 2, is taken as the reciprocal of NL” Such distances were

determined typically with an accuracy of +4%.

TABLE 1

Precipitate density, N , and mean interparticle distance, %, as a
function of compositiox and martensitic volume fraction, V

m
Composition Vmg % st X 1014 cm“S 2, nm h
Base + 0.03% Nb N ZOﬁ 81 + 15 49.8 + 3
Base + 0.03% Nb 40 38 £ 6 64.1 + 3.5
Base + 0.03% Nb

Tempered, 100°C, 1/2 hr. 20 85 + 15 49.0 + 2.7
Base + 0.38% Mo 20 77 £ 16 50.6 + 3.5

Table 1 shows that as the martensitic volume fraction of the base
+ Nb alloy is increased from 20% to 40% there is an unmistakable decrease
in precipitate density. The respective mean interparticle distance
increases from 49.8 (+3)nm to 64.1 (£3.5)nm. The uncertainties quoted
represent the 1imits of reproducibility from six independent measurements.

Such limits are typically *6%. The absence of precipitate growth as this



alloy is tempered at 100°C is confirmed by measurement of the particle
density which, within experimental error, is the same as that of the
untempered material. Table 1 also shows that the precipitation density
of the base + Mo alloy with a martensitic volume fraction of 20% is the
same as that of the base + Nb alloy.

The validity of applying the Orowan model in calculating the level
of precipitation strengthening is justified since for these alloy carbides
it has been calculated that they will act as impenetrable barriers to
dislocation motionzz, The dispersion strengthening term, “535 in the
Orowan equation (egn. 1) has been modified by various authors\(se623
for a review) to take into account the finite particle size, more refined
estimates of the dislocation line tension, the mutual interaction of the
two bowed out arms of the dislocation on either side of the particie, and
finally the particle shape. For plate (or rod) shaped particles of
diameter D and thickness (or rod length) t the following expression has

been derived for the dispersion strengthening, T

DS
. 0.83 Gb L+t D
‘D = 2i(iew) /2 X e ) (%)

where v is poisson's ratio, L is the effective interparticle distance
(see below) and "o is the dislocation core radius. Calculations based
upon an equation of this type have shown that thin plates can exert a
strengthening influence up to 3 times greater than the same number of
spherical particles of equivalent volume.

The equation derived by Fuﬂmanzer for the effective particle spacing
is L = (tD|f)'/2, where f is the particle volume fraction. By definition

f = vr?/(2/2)?, where r is the mean particle radius.



Equation 5 was used to estimate the magnitude of the precipitation
strengthening levels of the base + Nb alloy, assuming the following
values: G = 79.8 MPa, b = 0.248 nm, v = 0.29, t = 1.4 (+1.1) nm, D = 13.5
(+2) nm and ry = 1.1 (+0.3) nm. The values for £ are listed in Table 1.
Assuming these values the level of precipitation strengthening with a
martensitic volume fraction of 20% is Ty = 274 MPa. As vm is increased
to 40% the strengthening level drops to Tgo © 211 MPa. It is the change
in the precipitation strengthening level, AT::TZO - T that is of
particular interest here. Inserting the uncertainties quoted above into
equation 5 shows that the decrease At = 71.8 (+27)MPa.

With reference to Figure 1 and reference (3) it is seen that the
observed decrease in the yield strength of the dual phase ferrite-martensite
aggregate is 51.2 MPa as the martensitic volume fraction increases from
20% to 40%.

Let us consider an imaginary base + Nb alloy which in every way is
identical to the experimental one described above, except that the ferrite

as vm increases. The above calculations show that the unexpected drop

in the yield strength can be explained as a result of a reduced level of

precipitate strengthening in the ferrite phase.

SUMMARY
It has been shown that previously unreported fine plate precipitates
may be present in the ferrite phase of dual phase steels. The plates are
oriented on the {100} planes and in the Fe|1.5 S1]0.15SC|0.03 Nb and
Fel1.5 Si]0.15 €|0.38 Mo alloys they significantly strengthen the ferrite

phase. Based upon existing theories for precipitation strengthening, it



has also been shown that there is a significant drop in the level of
precipitation stregthening as the martensitic volume fraction, Vm,
increases from 20% to 40%. The corresponding drop in the observed
yield strength of the dual phase aggregate supports the assumption
that for a martensitic volume fraction up to 40% the yield strength of
this aggregate is dominated by the yield strength of the ferrite phase.
Koo and Thomash2 have pointed out that the carbon content of the
martensite decreases as Vm increases. It is well-established that the
strength of this phase is proportional to its carbon contentzzu Hence
the strength of the martensite will also decrease as Vm increases.
Is therefore important to take the variations of o and &Y’ with

martensitic volume fraction, into account when applying the taw of

mixtures (equ. 1) to the ultimate tensile strength of dual phase steels.
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FIGURE CAPTIONS

Shows the variation in ultimate tensile strengths and yield
strengths of the base + 0.03 wt%Nb, &, and base + 0.38 wt%Mo,
@, alloys with martensitic volume fraction. Data from (3).
Shows the presence of fine homogeneously nucleated precipitates
in the ferrite phase of the base + Nb alloy. This is also
typical of the base + Mo alloy.

In certain orientations the precipitates show loop contrast,
The encircled precipitates in figures a and b are examples

of how the contrast changes from inside to outside as the

sign of (g.b)sis reversed. The micrographs show precipitates
in the base + Nb steel, but their appearance is identical to
that of the Mo containing steels.

An example of thickness determination by convergent beam micro-
diffraction. The straight Tine intersects the ordinate in t“z

(t = thickness) and the slope equals gng (gg = extinction

distance).
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APPENDIX

Figure 4 shows an example of a foil thickness measurement by two-

beam covergent beam microdiffraction. The method involves plotting
2, 2 2 _ A Aei . . .

[ns" vs. 1[n,” where s = T 7, and n, is an integer. A is the
electron wavelength, d is the interplanar spacing of the observed

S.
1

reflection, Zed is the distance on the photographic print between the
undiffracted disc, and A8 is the distance from the center of the
diffracted disc to the ith dark fringe. Such a plot will satisfy the
equation (sitn_i)2 + 1l£g2n12 = t~29 for the correct choice of n;. A
similar equation hd]ds for the brightfringeJ65 and it is important

to include these fringes in the measurement as they will compensate

for any possible systematic error in the final result. As illustrated

in Figure 4, a trial plot with different n; values is made and a straight
1ine is only obtained for the correct value. The straight line intersects
the ordinate in t“z° The slope is given by gggg and provides a good check
for the validity of the technique used. Linear regression and trend
analysis is used to fit the best values to t and Ega For the Nb containing
steel described in the text and the reflection used in Figure 4, the

experimental extinction distance is within 2% of the theoretical value

for pure iron.
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